This paper summarizes several recent developments which are facilitating new approaches for both active and passive quantitative ultrasonic measurements in composite materials. These include the development of point sources and point receivers, a theory for analyzing the propagat ion of transient elastic waves through a bounded, dispersive and attenuative medium, and the development and implementation of appropriate signal processing algorithms. An alternative to these deterministic approaches is a processing scheme based on a simulated intelligent system which processes the signals like a neural network. Examples of applications of these ideas to the NDE of composite materials are shown.
INTRODUCTION
The development of reliable test methods for the non-destructive evaluation of composites, and, in particular, thick composites, is a challenging task. In contrast to metals, early damage in composites is usually distributed over an extended region in the material and thus, for any technique to be useful, it must be capable for globally monitoring or inspecting the composite structure. Of particular NDE interest is the detection of variations in compositionj the determinat ion of the material's configurat ion, includ ing its ply-layup sequence, thickness, etc., and its porositYj the detection of fiber/matrix disbonds or other failures, fiber or matrix cracking, voids and inclusions and the determinat ion of residual stresses and stress gradients.
Another need is the detection and evaluat ion of localized events occurring in a composite structure. Events such as impacts and fiber/matrix disbonds and failures are of special interest. Techniques utilizing ultrasonic waves are especially appealing because of the direct connection between the characteristics of the wave propagation and the mechanical properties of the composite and the ability of passive AE techniques to monitor the integrity of large structures in situ.
The measurement problems related to ultrasonic techniques are both materialand geometry-related. The absorption of ultrasonic waves in most composites and, in particular, in thick ones, is high and usually strongly frequency-dependent. These Signal RECORDER materials are of ten designed and fabricated to be elastically anisotropic and the propagation of elastic waves through them is dispersive at particular frequencies because of viscous, geometric and/or scattering effects. Finally, composite materials lend themselves into fabricating large, complex-shaped parts typically possessing non-parallel and non-planar surfaces which complicate the wave propagation.
DETERMINISTIC ULTRASONIC MEASUREMENTS
Such measurements utilize detailed knowledge of the source, structure and sensor of the measurement system combined with signal processing techniques to recover the characteristics of the unknown component -be it the source, material or sensor.
The use of an ultrasonic point-source/point-receiver (PS/PR) measurement system which is similar to that used for quantitative acoustic emission measurements has recently been described [1,2J. In the technique, which is illustrated in Fig. 1 , a simulated source whose temporal and spatial chara.cteristics are known is used as excitation and one or more well-characterized point-sensors are used to detect the signals which have propagated from the source through the medium. The essential advantage of the PS/PR method over conventional ultrasonic inspection methods is that absolute quantitative ultrasonic measurements are possible and the technique is capable of overcoming many of the measurement problems related to the ultrasonic NDE of composites listed above. The basis of the PS/PR measurement method and its application to characterize several composite materials has been given in References [lJ and [2J. The requirements and operational characteristics of various sources and receivers which can be used in a PS/PR measurement system have also
It was demonstrated in Ref.
[lJ how PS/PR measurements can be used to determine from just one measurement both the longitudinal and shear wavespeeds and hence the Lame elastic constants of an elastically isotropic composite specimen. Furthermore, by using an array of sensors to detect the signals at points equi-spaced about the source point, the orientat ion dependence of the wavespeeds in the material can be determined. As expected, this dependence is strongly dependent on the elastic anisotropy of the composite. An algorithm was recently developed by which this information is used to recover the matrix of elastic constants for the material [4J .
The determination relies on the measurements of the P-and S-wave arrival times at each sensor comprising the array of sensors whose nwnber is equal to or greater than the nwnber of elastic constants to be determined. Knowing the direction cosines for each source/receiver acoustical path, the wavespeeds along these arbitrary, nonprincipal directions of the specimen are calculated. By constructing the characteristic equation associated with the Green-Christoffel tensor, a functional is found which is related to the unknown elastic constants of the material. A processing algorithm has been developed to minimize this functional using the Newton-Raphson method. While the procedure is general and applicable to any arbitrary symmetry, to date it has been demonstrated only with materials which are transversely isotropic.
Because a theoretical basis is available for computing the displacement signals at a particular receiver point resulting from a given excitat ion in a non-attenuative material, a comparison between the calculated waveforms and those measured in a real material can be used to determine the attenuation of the real material. The frequencydependence of the attenuation of a particular wave mode is found by windowing the corresponding wave arrival in the detected signal, transforming it into the frequencydomain, and evaluating
(1)
Here the V's refer to the magnitude spectra of the selected signal amplitudes and d is the propagation length. The principal difficulty with this procedure is the requirement of a precise determinat ion of the source strength and a detecting sensor whose transfer characteristics are known absolutely.
By analyzing the propagation of elastic waves in a viscoelastic material and eval~ uating the normal displacement signals detected at the epicentral receiver location in the frequency-domain [5] , it has been shown that the Fourier phase function of particular wave arrivals can be processed to directly determine the dispersion relation for that wave in the material. To do this correctly, it is important that the effects of geometric dispersion are properly accounted for so that only the actual materialrelated dispersion of the material is determined. From the latter, the phase and group velocities can be directly evaluated.
An extension of the above has recently been completed so that the signals at off-epicentral receiver points could also be computed for viscoelastic plates whose properties are specified in terms of arbitrary frequency-dependent wavespeeds and attenuation values [6] . A sample result is shown in Fig. 2(a) , corresponding to the signals expected at epicenter and the lh off-epicentral position of the plate on the side opposite from a normal force, step excitation. These responses were computed for the case of a viscoelastic Voigt-like material possessing a complex shear modulus given by JL = JLo( 1-iWT) where JLo is the static shear modulus and T is a relaxation time, which in the example shown was T = -0.017. It is seen that the computed responses resemble those calculated for a perfectly elastic, non-attenuative material, except that in the viscoelastic case, the wave arrivals are no longer sharply delineated.
The results obtained in the forward problem have permitted the development of a more general algorithm for recovering the dis pers ion relation, wavespeeds and attenuation from the signals detected at two positions relative to the source location. cPphu.(w)
ap(w)
where d is the sourceJreceiver path length and the A's and the G's are computed correction factors . Similar formulae have been developed for the shear and Rayleigh surface waves [6] .
Numerical simulations with synthetic data shown in Fig. 2 (b) ha ve demonstrated that the above equations correctly recover the input frequency-dependent wavespeeds and attenuation values in the frequency interval between 0.5 and 4 MHz. The deviations seen to occur outside of this range are probably a consequence of the low signal amplitudes at the higher frequencies and at the lower frequencies, a breakdown of the asymptotic assumptions made in calculating the waveforms.
NEURAL PROCESSOR-BASED ULTRASONIC MEASUREMENTS
The basis of such processing is the teaching of a system and the development of a memory corresponding to known sources and wave propagat ion characteristics. Following this, unknown signals can then be processed using auto-associative algorithms to recover missing informat ion about the source, the medium or the receiving transducer.
Our development of this approach which has been described in several publications [7, 8, 9] utilizes some ofthe fundamental principles of neural networks [10] . Our neurallike ultrasonic processing system is shown schematically in Fig. 3 . We assume that an ultrasonic wavefield can be characterized by a finite set of data supplied from an array of sensors together with selected features of the source, structure or sensor. For one experiment in which data is collected with N sensors, a pattern vector can be defined as (4) in which the v(n) represents the discretized signal detected by the n-th sensor and g are M elements in which is encoded specific informat ion about one or more of the components comprising the ultrasonic system. Such pattern vectors can be generated after signal conditioning in module se in Fig. 3 . The pattern vectors are input to the neural network processor N N.
For each fixed input vector from this ensemble, the system responds with an out put vector Y which is of the same dimension as X and which can be determined from the linear matrix equation Y = w·x (5) where the matrix W represents the response function or memory of the system. In order to obtain an associative operat ion of the processing system, it is assumed that the processor adapts to the input vectors such that the discrepancy or novelty between the input and out put vectors, given by
is reduced with a repetition of the inputs. This is possible with the feedback loop in the neural processor shown in Fig. 3 . The adaptive law of the system which governs how the memory develops is similar to that used in other applications [7, 11] .
Once the memory of a system has been developed, then the prediction of the input by recall from memory, W is given by Eq. (5). The recall, Y , represents that part of the signal which can be specified in terms of the previously learned pattern vectors. It can be used to predict wavefield quantities from source data, Le. the characteristics of the material can be obtained. The recall can also be used to predict features of the source from wavefield data, Le. a solution to the inverse source problem can be obtained. And finally, the processing system can supply missing informat ion in a signal via an auto-associative recall. The output of the system is via module DO of Fig. 3 .
The application of the neural-like signal processing system has been demonstrated with ultrasonic waveforms obtained in sever al simple source location and source characterization problems as well as an ultrasonic wavefield measurement situation [7, 8] .
Here are described the results of source location and source characterization measurements made on a thick, slightly curved, anisotropic graphite-epoxy composite plate, 10 X 7 in. and 1~ in. thick, for which no Green's function is yet available.
The experimental system consisted of two, miniature, broadband piezoelectric sensors mounted 6 in. apart on the surface of the composite plate. The ultrasonic signals were excited by the impact of three different sized steel balls (4.95 mm = #1, 6 .34 mm = #2, and 9.52 mm = #3 in diameter) dropped from a height of 0.5 in.
onto the plate at ten equi-spaced points, 0.5 in. apart, along the line joining the two sensors. The signals from the sensors were amplified by 40 db and recorded by a multi-channel waveform recording system which was triggered by one of the waveforms. The sampling rate was 2 MHz. The pattern vectors consisted of 150 components of which 128 corresponded to a concatenation of the ultrasonic signals while the remaining 22 components were used to encode the source location and impacting ball size information. The completed input pattern vectors are shown in Fig. 4(a) .
During the iterative learning procedure, the output vectors indicated by the dotted lines in Fig. 4(a) were learned. They are nearly indistingishable from the original input patterns indicating a correct adaptation of the system. The memorized response matrix W is shown in Fig. 4(b) . There are 16 characteristic regions in the matrix, corresponding to the auto-and cross-correlations between the components comprising the pattern vectors, that is, the wavefield data from each of the sensors and the encoded source informat ion. Each port ion of the memory is of importance for the associative operation of the system dur ing the analysis of new patterns presented to the system. After the memory has been developed, the feedback to the memory is disconnected. In order to demonstrate the associative operat ion of the system, ten new signals shown in Fig. 4 (c) were presented to it. These were generated by arbitrarily selecting one of the three balls and dropping it at points on the plate, eight were part of the learning set and two were not. It is seen that in the recovered patterns, two source features are recovered from every test signal presented to the memory. In order to provide a simple comparison between the input and recovered source parameters, a weighted sum was formed of the recovered source information. The results are compared with the actual values in Fig. 4(d) . Although the agreement is not perfect between input and recovered values, the results are promising. Especially noteworthy is the ability of the system to recover sensible results from measurement situations which were not used in the development of the memory.
Preliminary experiments have also been carried out with the neural-like processing approach to detect changes in the wave propagation in a specimen. In these measurements, demonstrated on a metal plate [9] , ultrasonic signals corresponding to particular source/receiver configurations were used to develop the memory. To modify the wave propagation, a brass disk was attached at various points onto the surface of the plate. Its effect appeared as a slight variation in the measured ultrasonic wavefield relative to the original measurements. It was shown that these changes could be detected with the discrepancy vector, V. This demonstrates that an adaptive system can be used in non-destructive testing applications in which changes caused by variable wave impedances, such as the development and growth of defects in a structure are to be detected. While this experiment has not yet been repeated in a composite specimen, equivalent results are expected.
CONCLUSIONS
This paper has summarized several developments which are facilitat ing new active and passive quantitative ultrasonic measurements in composite materials. The use of a point source and one or more point receivers in the P S / P R technique provides a powerful materials test ing system which, when coupled with appropriate signal processing techniques, permits the determinat ion of the ultrasonic wavespeeds and attenuations as a function of frequency and propagation direction in a composite material. P S / P R measurements require a minimal amount of surface preparat ion and they can be made on composite specimens which are neither planar nor parallel. Measurements are also possible in ultra-attenuative composite materials. A further application is their use for wavespeed measurements made in non-principal directions which can be processed to recover the complete matrix of elastic constants specifying a composite specimen.
It was also shown in this paper that an adaptive learning system comprised of an associative memory can be used to map ultrasonic source and waveform data and vice versa with the auto-and cross-correlation portions of the memory. Experiments were described utilizing such an adaptive system, to process the ultrasonic signals detected in a composite or metal plate specimen to recover information about the source of ultrasound or the propagating medium. The application of neural-like processing of waveforms appears to be a promising means for extracting important information from ultrasonic signals in composite or other materials and it could form the basis of a new generat ion of intelligent NDT /NDE signal analyzers.
